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ABSTRACT

Purpose: RTOG 0617 was a phase III randomized trial for patients
with unresectable stage IIIA/IIIB non–small cell lung cancer compar-
ing standard-dose (60 Gy) versus high-dose (74 Gy) radiotherapy and
chemotherapy, plus or minus cetuximab. Although the study was negative,
based on prior evidence that patients with the KRAS-variant, an inherited
germline mutation, benefit from cetuximab, we evaluated KRAS-variant
patients in RTOG 0617.

Experimental Design: From RTOG 0617, 328 of 496 (66%) of patients
were included in this analysis. For time-to-event outcomes, stratified
log-rank tests and multivariable Cox regression models were used. For bi-
nary outcomes, Cochran—Mantel–Haenzel tests and multivariable logistic
regression models were used. All statistical tests were two sided, and a
P value <0.05 was considered significant.

Results: A total of 17.1% (56/328) of patients had the KRAS-variant, and
overall survival rates were similar between KRAS-variant and non-variant
patients. However, there was a time-dependent effect of cetuximab seen
only in KRAS-variant patients—while the hazard of death was higher in
cetuximab-treated patients within year 1 [HR = 3.37, 95% confidence

interval (CI): 1.13–10.10, P = 0.030], death was lower from year 1 to 4
(HR = 0.33, 95% CI: 0.11–0.97, P = 0.043). In contrast, in non-variant
patients, the addition of cetuximab significantly increased local failure
(HR = 1.59, 95% CI: 1.11–2.28, P = 0.012).

Conclusions/Discussion: Although an overall survival advantage was not
achieved in KRAS-variant patients, there is potential impact of cetuximab
for this genetic subset of patients. In contrast, cetuximab seems to harm
non-variant patients. These findings further support the importance of ge-
netic patient selection in trials studying the addition of systemic agents to
radiotherapy.

Significance: The KRAS-variant is the first functional, inherited miRNA-
disrupting variant identified in cancer.Our findings support that cetuximab
has a potentially beneficial impact on KRAS-variant patients treated with
radiation. Thework confirms prior evidence thatKRAS-variant patients are
a subgroup who are especially sensitive to radiation. These findings further
support the potential of this class of variants to enable true treatment per-
sonalization, considering the equally important endpoints of response and
toxicity.

Introduction
In the field of radiation oncology, there has been great interest in improv-
ing tumor local control, with the addition of radiosensitizing agents as well
as with dose escalation. Non–small cell lung cancer (NSCLC) is a cancer type
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with many such efforts, as local failure (LF) remains unacceptably high, espe-
cially in patients with advanced stage disease (1). RTOG 0617 was designed on
the basis of encouraging data from a phase II trial in NSCLC (RTOG 0324),
where combined chemoradiation with the radiosensitizing agent, cetuximab,
in patients with unresectable stage III NSCLC showed a median survival of
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22.7 months with a 24-month overall survival (OS) of 49.3% (2). In addition,
phase I and II trials showed that a tumor dose of 74Gy givenwith chemotherapy
appeared to be safe and achieved a median OS of approximately 24 months (3,
4). Therefore, RTOG 0617 was built upon these findings as an open-label, ran-
domized, two-by-two factorial phase III study, which was conducted in 185 in-
stitutions in the United States and Canada. In this study, 544 patients with stage
III NSCLC were enrolled onto one of four arms, 60 Gy (n = 166), 74 Gy (n =
121), 60 Gy plus cetuximab (n= 147), or 74 Gy plus cetuximab (n= 110). Unfor-
tunately, results from this trial were negative, with the highest median survival
of 28.7 months achieved in the standard-dose armwithout cetuximab. Both the
radiation dose escalation and cetuximab results crossed futility boundaries and
there was evidence that the dose escalation was harmful to patients, likely due
to increased heart dose (3, 5), and that the use of cetuximab was also associated
with significantly higher toxicity. Additional efforts to try to identify potential
cetuximab responders in RTOG 0617 included evaluation of EGFR expression,
measured as the H-score, but also found no association with benefit (3).

The negative results from RTOG 0617 were not dissimilar from several other
phase III trials combining cetuximab with radiotherapy, including one in
esophageal cancer (RTOG 0436; ref. 6), and one in head and neck squamous
cell carcinoma (HNSCC; RTOG 0522; ref. 7). In addition, two follow-up phase
III studies in HNSCC that were designed to test the hypothesis that cetuximab
with radiation would be a less toxic and equivalent option compared with cis-
platin and radiation for human patients with papillomavirus–positive (HPV+)
HNSCC were both negative. In fact, both trials reported worse outcomes in
the cetuximab-treated arms, with worse 2-year OS and 2-year recurrence in
low-risk HPV+ oropharyngeal cancer [De-ESCALaTE HPV, (8)], and worse
progression-free survival (PFS) and locoregional failure [LRF] for all-risk
HPV+ oropharyngeal cancer [RTOG 1016, (9)]. The litany of failed phase III
trials incorporating cetuximab in combination with radiation after positive
phase II trials suggests that theremay be subgroups of patients who benefit from
cetuximab, but that they have not been appropriately represented in subsequent
phase III trials.

Recently, a germline, inherited variant in KRAS, referred to as the KRAS-
variant, was identified as the first example of an inherited miRNA binding-site
pathogenic variant in cancer (10). This inherited KRAS-variant is not a pro-
tein coding difference found in patients’ tumors, but instead is germline and
in all cells and located in the regulatory 3′ untranslated region of KRAS.
The KRAS-variant has not been found to be associated with tumor acquired
KRAS mutations, and while not mutually exclusive, is found less frequently
in patients with NSCLC who have tumor acquired EGFR or KRAS mutations
(4% and 11%, respectively, vs. ∼17%–20%, (10, 11)]. However, even in the ab-
sence of tumor acquired KRAS mutations, patients with the KRAS-variant
have a “KRAS-addicted” gene expression signature in their respective tumors
(12), perhaps due to disruption of KRAS regulation by the miRNA let-. Be-
cause of the KRAS-variants’ association with KRAS, there has been extensive
study of the impact of cetuximab on patients with cancer with the KRAS-
variant. Interestingly, in contrast to tumor acquired KRAS mutations which
predict cetuximab resistance, patients with the KRAS-variant have repeatedly
been shown to respond favorably to cetuximab alone or in combination with
chemotherapy (13, 14).

Because of the benefit of cetuximab for KRAS-variant patients, the KRAS-
variant was previously evaluated in the RTOG 0522 HNSCC trial, to determine
the impact of cetuximab in combination with radiation and chemotherapy for
KRAS-variant patients. The KRAS-variant was found in approximately 16%

of RTOG 0522 patients, and this molecular subgroup was found to bene-
fit significantly from the addition of cetuximab to radiotherapy and cisplatin
chemotherapy, resulting in improved PFS and OS in a time-dependent manner
(15). The time-dependent benefit of cetuximab resulted in improved survival
for the first 2 years (P = 0.03), the short nature of which was hypothesized
to potentially be due to the short course of cetuximab in the study (8 weeks).
The positive response was found to be strongest in the HPV+ patients, and
hypothesized to be due to the potential immune stimulating effects of cetux-
imab (16–18), as this study also demonstrated that KRAS-variant patients had
significantly elevated TGF-B1 compared with non-variant patients, and thus
KRAS-variant patients were likely immune suppressed (15). In addition, per-
haps because of their elevated TGF-B1, KRAS-variant patients were found to
have increased baseline acute grade 3 and 4 toxicity with radiation plus cisplatin
in this study, that was not increased by the addition of cetuximab; includ-
ing mucositis (47.4% vs. 50.0%) and skin reaction inside the portal (18.4% vs.
15.6%). This was in contrast to non-variant patients, who had lower toxicity
with radiation and cisplatin which was significantly increased with the addi-
tion of cetuximab; including mucositis (37.9% vs. 50.6%, P = 0.02) and skin
reaction inside the portal (11.2% vs. 21.8%, P = 0.05). Both KRAS-variant and
non-variant patients had significantly increased skin reactions outside of the
portal with the addition of cetuximab, whichwas not correlatedwith cetuximab
response in that trial.

On the basis of these prior findings, that KRAS-variant patients respond to ce-
tuximab in combination with radiation and cisplatin with improved outcomes,
but with increased radiosensitivity at baseline (15), and prior work indicat-
ing that the KRAS-variant is found frequently in patients with NSCLC (10),
we tested patients from RTOG 0617 for the KRAS-variant to investigate the
outcomes for this genetic subgroup of patients.

Materials and Methods
Patients, DNA Isolation, and KRAS-variant Testing
All patients included in this study were consented for the clinical trial RTOG
0617, which was conducted in accordance with recognized ethical guidelines.
All patient samples were received from the RTOG/NRG sample repository as
anonymized blood or buffy coat samples. All DNA was isolated using Qia-
gen standard protocols, evaluated for purity, and quantified and prepared for
KRAS-variant analysis by MiraDx using standard operating procedures. Pa-
tients are considered positive for the KRAS-variant if they are heterozygous
(GT) or homozygous (GG) for the variant allele.

Statistical Analyses
This analysis was performed using data from all eligible patients from RTOG
0617. Eligible patients who did not receive radiation or received ≤51 Gy were
excluded from this analysis. All analyses were based on “as-treated” populations
for this secondary analysis. Specifically, patients were considered as receiving a
“standard” dose of radiation if they received more than 51 Gy but less than or
equal to 66 Gy and receiving a “high” dose of radiation if they received more
than 66 Gy; patients were considered as receiving cetuximab if they received
cetuximab during concurrent therapy or beyond, and receiving no cetuximab
if they did not receive any cetuximab or received only the loading dose.

The efficacy outcomes included in this analysis included OS, local failure (LF),
distant failure (DF), and PFS, as defined in Supplementary Table S1. Adverse
events were assessed using the CTCAE v3.0.
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The prognostic value of the KRAS-variant was evaluated by (i) comparing
KRAS-variant and non-variant patients after stratifying by radiation dose and
cetuximab; (ii) multivariable regression model, including KRAS-variant, ra-
diation dose, as well as their interaction, after stratifying by cetuximab; (iii)
multivariable regression model, including KRAS-variant, cetuximab, as well as
their interaction, after stratifying by radiation dose. In addition, the predic-
tive value of theKRAS-variant was evaluated through subgroup analysis within
KRAS-variant and non-variant patients, by comparing radiation dose groups
(stratified by cetuximab) or cetuximab groups (stratified by radiation doses).
These analysis methods were used for all clinical outcomes studied. For time-
to-event outcomes, stratified log-rank tests and multivariable Cox regression
models were used. For binary outcomes, Cochran–Mantel–Haenzel tests and
multivariable logistic regression models were used.

OS, PFS, time to LF, and time to DF were analyzed as time-to-event data and
calculated from the date of randomization to the date of failure or, if no fail-
ure, the date of respective competing event or last follow-up. The rates of OS
and PFS were estimated using the Kaplan–Meier method and compared using
the stratified log-rank test (19). The rates of LF were estimated using cumu-
lative incidence function (19) which takes into account competing risks (see
Supplementary Table S1 for details). The development of LF and distant metas-
tasis were compared using the cause-specific competing risks analysis method
(20), and the corresponding stratified log-rank test P values were reported ac-
cordingly. Multivariable Cox regression model was used when evaluating the
prognostic value of KRAS-variant.

Best observed response was analyzed as a binary outcome, whether complete
or partial response was achieved versus otherwise. Safety was analyzed as a bi-
nary outcome, whether worst treatment-related toxicity was grade 3 or higher
versus otherwise. Cochran–Mantel–Haenzel tests and multivariable logistic
regression model were used to analyze these two endpoints.

All statistical tests were two sided, and a P value <0.05 was considered
statistically significant. SAS v9.4 (SAS Institute) was used for all statistical anal-
yses. Representativeness of the study participants are shown in Supplementary
Table S2.

Data Availability
The data on KRAS-variant genotyping in this study are available on request
from the corresponding author.

Results
Comparison of Patients Included Versus Excluded
As only a subset of patients had samples available for KRAS-variant genotyp-
ing and/or completed treatment, we first evaluated whether patients who were
included in the analysis were systematically different from those who were not.
Supplementary Table S3 summarizes the patients’ inclusion status and Sup-
plementary Table S4 summarizes and compares pretreatment characteristics
based on analysis inclusion (vs. exclusion). These pretreatment characteristics
were chosen based on the primary reporting and published secondary analy-
ses. We found that patients included in this KRAS analysis appeared to receive
3D-conformal radiotherapy (CRT) versus intensity-modulated radiotherapy
(IMRT) more frequently than those excluded (P = 0.0006). In addition, as all
patients included in the analysis received at least 51 Gy, this was significantly
different from the excluded patients and cohort overall, where 14.9% and 5%

did not receive this amount of radiation, respectively (P < 0.0001). Otherwise,
patients included or excluded were similar.

Patients included in this analysis had a median follow-up of 2.03 years, and
5.13 years among surviving patients, which did not differ based on analysis
inclusion status. Furthermore, patients included in this analysis were not
statistically different from those excluded in terms of OS (median survival 2.1
vs. 1.8 years, P = 0.81)), PFS (median survival 0.9 vs. 0.8 years, P = 0.59), LF
(5-year rate 44.3% vs. 36.2%, P = 0.10) or distant metastasis (DM) (5-year rate
56.0% vs. 51.8%, P = 0.43). However, patients included tended to have slightly
better observed responses with more complete/partial responses (62.2% vs.
52.4%, P = 0.04; Supplementary Table S5). They also had more grade 3+
treatment-related toxicity (82.3% vs. 70.8%, P = 0.001; Supplementary Table
S6). These results suggest patients included in this analysis may be roughly
considered as a random sample of the full RTOG 0617 patient population,
although some caution should be taken when extrapolating the results of best
observed response and toxicity for this group.

KRAS-variant Versus Non-variant Patients
In this study, 17.1% (56/328) of included patients had the KRAS-variant. Com-
paring pretreatment characteristics of patients with the KRAS-variant versus
without the KRAS-variant (non-variant) there were no significant differences,
except there were more PET-staged non-variant patients than KRAS-variant
patients (91.2% vs. 82.1%, P = 0.04; Supplementary Table S7). There were sim-
ilar proportions of patients with the KRAS-variant across different NSCLC
subtypes, including squamous versus non-squamous (P = 0.21). There were
also similar stage groupings between KRAS-variant and non-variant patients.
These findings are consistentwith prior findings for patients withKRAS-variant
NSCLC (10).

In addition, treatment was similar between KRAS-variant and non-variant pa-
tients, considering as assigned and as treated (Supplementary Table S7). For
non-variant as well as for KRAS-variant patients, comparing the standard-dose
versus high-dose arms, there were no significant differences considering age,
gender, ethnicity, performance status, radiation technique, PET staging, his-
tology, stage, tumor location, radiation level, or cetuximab treatment. There
were also no significant differences in these factors for non-variant and variant
patients treated with cetuximab, versus not.

OS, Radiation Dose, and Cetuximab in Non-variant
versus KRAS-variant Patients
Overall, there was not a significant difference in OS between non-variant and
KRAS-variant patients (2.1 vs. 2.4 years, P = 0.42; Supplementary Table S8).
However, because dose escalation has now been identified as an independent
risk for death in this trial, and KRAS-variant patients have been shown to have
increased toxicity with radiation and chemotherapy at baseline, as well as a
time-dependent effect of cetuximab (15), we further evaluated the impact of
response considering these variables.

For non-variant and KRAS-variant patients, high-dose radiation appeared to
nonsignificantly negatively impact survival over the 5-year follow-up period.
Patients on the standard-dose arm had a trend for a longer median survival
than those treated in the high-dose arm (non-variant 2.3 vs. 1.9 years, P = 0.13,
Fig. 1A; KRAS-variant 2.5 vs. 1.4, P = 0.2467, Fig. 1C; Supplementary Table S9).
ForKRAS-variant patients, there was better survival during the first year for the
standard-dose radiation group versus the high-dose radiation group, resulting
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FIGURE 1 OS by KRAS and treatment arm. A, OS in non-variant patients by radiation level; B, OS in non-variant patients by cetuximab; C, OS in
KRAS-variant patients by radiation level; D, OS within KRAS-variant patients by cetuximab. Radiation level P values stratified by cetuximab; cetuximab
P values stratified by radiation level.

in more KRAS-variant patients who received standard-dose radiation alive at 1
year (80.1% vs. 65.0%). These findings suggest that the high-dose treatment neg-
atively affected patients regardless of KRAS-variant status, but that the negative
impact may have been especially impactful for KRAS-variant patients.

We next evaluated the effect of cetuximab on OS, considering KRAS-variant
status and time. In RTOG 0617, cetuximab was delivered for 15 or 16 weeks.
In non-variant patients, there was no difference in OS or time-dependent OS
between the cetuximab versus no cetuximab-treated group, but the cetuximab-
treated group had a numerically nonsignificant shorter median survival (2.0
vs. 2.3 years P= 0.27; Supplementary Table S10; Fig. 1B).KRAS-variant patients
also had a numerically nonsignificant shorter median survival when receiving
cetuximab versus not (1.9 vs. 2.4 years, P = 0.94). However, unlike non-variant
patients, in KRAS-variant patients treated with cetuximab the worse outcome
seemed to occur primarily in year 1, with fewer KRAS-variant patients treated
with versus without cetuximab alive at the end of year 1 (59.1% vs. 84.8%;
Table 1). However, in contrast, there were almost twice as many KRAS-variant
cetuximab-treated patients alive at the end of year 4 compared with non–
cetuximab-treated patients (39.0% vs. 21.2%). We found that for KRAS-variant
patients therewas a time-dependent effect of cetuximabonOS;while the hazard
of death was significantly greater in year 1 for KRAS-variant cetuximab-treated
patients (HR = 3.37, 95% CI: 1.13–10.1, P = 0.030), the risk of death was sig-
nificantly lower for KRAS-variant cetuximab-treated patients from years 1 to 4

(HR= 0.33, 95% CI: 0.11–0.97, P= 0.043; Table 2; Fig. 1D). These findings sug-
gest that cetuximab appeared to be beneficial for KRAS-variant patients who
survived the first year of treatment.

PFS, Local Control, and Distant Metastases-free Survival
There were no significant PFS differences between non-variant and KRAS-
variant patients for the whole group, or considering dose groups, or cetuximab
treatment. The KRAS-variant was also not prognostic or predictive for LF or
DF risk considering all patients compared with non-variant patients.

Interestingly however, in non-variant patients, cetuximab treatment predicted
a significantly higher LF risk than no cetuximab treatment [HR = 1.59 (CI =
1.11–2.28, log-rank test P = 0.01)] (Table 3). In contrast, cetuximab was not as-
sociated with an increased LF risk in KRAS-variant patients (Supplementary
Table S11).

Toxicity
We next evaluated the association of the KRAS-variant with grade 3+
treatment-related toxicity. Overall, patients with the KRAS-variant had similar
toxicity rates as non-variant patients, with no differences comparing hemato-
logic toxicity, pulmonary toxicity, or esophagitis after adjusting for (stratifying
by) radiation dose and cetuximab [Supplementary Table S12, 83.9% vs. 83.1%,
OR= 1.18 (CI: 0.53–2.60), P= 0.69]. Comparing the high-dose versus the stan-
dard radiation dose treatment arms, dose was not found to be a significant
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TABLE 1 OS within KRAS-variant patients by as-treated cetuximab

No Cetuximab Cetuximab

Time (years) % Alive (95% CI) No. of patients at risk % Alive (95% CI) No. of patients at risk

0 100% (N/A) 34 100% (N/A) 22
1 84.8% (67.4–93.4) 28 59.1% (36.1–76.2) 13
2 54.5% (36.3–69.6) 18 50.0% (28.2–68.4) 11
3 27.3% (13.6–42.9) 9 39.0% (18.5–59.1) 6
4 21.2% (9.4–36.3) 7 39.0% (18.5–59.1) 6
5 17.7% (6.9–32.5) 5 24.4% (7.4–46.5) 3
Dead/Total 29/34 15/22
Median survival time (95% CI) 2.4 (1.4–2.5) 1.9 (0.8–4.9)
HR (95% CI) 0.92 (0.49–1.74)
Pa 0.9418

aTwo-sided log-rank, stratified by radiation level (>51 Gy–≤66 Gy vs. >66 Gy).

TABLE 2 OS models within KRAS-variant: time-varying cetuximab effect

Time-varying model set Variable Comparison HR (95% CI) P

One year only Cetuximab within 1 year No Cetuximab (RL) vs. Cetuximab 3.37 (1.13–10.1) 0.0298
Cetuximab >1 year No Cetuximab (RL) vs. Cetuximab 0.45 (0.18–1.10) 0.0793
Radiation level >51 Gy–≤66 Gy vs. >66 Gy 1.43 (0.78–2.63) 0.2434

Years 1 and 2 Cetuximab within 1 year No Cetuximab (RL) vs. Cetuximab 3.37 (1.13–10.1) 0.0299
Cetuximab from year 1 to year 2 No Cetuximab (RL) vs. Cetuximab 0.37 (0.08–1.71) 0.2039
Cetuximab >2 years No Cetuximab (RL) vs. Cetuximab 0.49 (0.16–1.53) 0.2224
Radiation level >51 Gy–≤66 Gy vs. >66 Gy 1.43 (0.78–2.62) 0.2479

Years 1 and 4 Cetuximab within 1 year No Cetuximab (RL) vs. Cetuximab 3.37 (1.13–10.1) 0.0299
Cetuximab from year 1 to year 4 No Cetuximab (RL) vs. Cetuximab 0.33 (0.11–0.97) 0.0429
Cetuximab >4 years No Cetuximab (RL) vs. Cetuximab 1.66 (0.21–12.9) 0.6265
Radiation level Standard dose (RL) vs. High dose 1.42 (0.78–2.61) 0.2527

TABLE 3 LF within non-variant patients by as-treated cetuximab

No Cetuximab Cetuximab

Time (years) % Alive (95% CI) No. of patients at risk % Alive (95% CI) No. of patients at risk

0 0% (N/A) 141 0% (N/A) 131
1 14.9% (9.6–21.4) 87 27.5% (20.1–35.4) 73
2 26.4% (19.4–33.9) 59 46.1% (37.3–54.4) 39
3 35.1% (27.2–43.0) 40 48.4% (39.5–56.8) 30
4 37.3% (29.2–45.3) 33 50.0% (41.1–58.3) 24
5 38.1% (30.0–46.1) 25 50.8% (41.9–59.1) 17
Dead/Total 53/141 67/131
HR (95% CI) 1.59 (1.11–2.28)
Pa 0.0120

NOTE: Model stratified by radiation level assignment.
aTwo-sided log-rank, stratified by radiation level (>51 Gy–≤66 Gy vs. >66 Gy).
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TABLE 4 Worst treatment-related toxicity logistic regression model of KRAS and cetuximab interaction

Toxicity Variable Comparison OR (95% CI) p-value

Any grade 3+ Toxicity KRAS mutation type Non-variant (RL) vs. Variant 1.17 (0.53–2.60) 0.69
Cetuximab No Cetuximab (RL) vs. Cetuximab 3.42 (1.76–6.67) 0.0003

predictor of increased toxicity using logistic regressionmodels (Supplementary
Table S13). However, while there was no apparent difference in grade 4 toxicity
in non-variant patients between the high-dose and standard-dose arms (34.7%
vs. 32.2%), the difference in grade 4 toxicity appeared to be greater for KRAS-
variant patients in the high-dose arm versus the standard-dose arm (40.0% vs.
22.2%).

Cetuximab, in contrast, was an independent predictor for significantly higher
toxicity for both non-variant and KRAS-variant patients (Table 4, OR = 3.42,
CI: 1.76–6.67, P = 0.0003), but was not specific to hematologic, pulmonary,
or esophagitis. Both non-variant and KRAS-variant patients had significantly
increased toxicity when cetuximab was delivered with treatment (within non-
variant, P = 0.003; within KRAS-variant P = 0.008; Supplementary Tables S14
and S15). For KRAS-variant patients, all had grade 2 or higher toxicity, and
100% of those treated with cetuximab had grade 3 or higher toxicity, with 13.6%
of cetuximab-treated KRAS-variant patients experiencing grade 5 events. Of
note, it was not possible to evaluate acute versus late toxicity separately in this
analysis.

KRAS-variant Squamous Patients
Because cetuximab has been generally used as a radiosensitizer for squamous
cell cancers, and the prior benefit of cetuximab for patients with KRAS-variant
cancer in combination with radiation was in squamous cell HNSCC, we com-
pared KRAS-variant with non-variant patients with squamous histology to
evaluate their outcome in this cohort. We found that patients with KRAS-
variant squamous cell lung cancer had significantly worse OS than non-variant
squamous patients (HR = 1.76, CI = 1.07–2.90, log-rank test P = 0.0307
stratified by as-treated radiation dose level and cetuximab). This difference ap-
peared to be driven primarily by DF, with a significantly higher rate of DF in
KRAS-variant versus non-variant patients with squamous NSCLC (HR = 1.68,
CI = 0.90, 3.15, log-rank test P = 0.0362 stratified by as-treated radiation level
and cetuximab). Although due to the small sample size, it was not possible to
meaningfully evaluate the impact of cetuximab on this subgroup, cetuximab did
appear to improveOS forKRAS-variant patients comparing survival at year 1 for
cetuximab-treated versus non–cetuximab-treated patients (92.3% vs. 37.5%),
but the overall impact was not significant (HR= 0.94, CI= 0.35, 2.54, log-rank
test P = 0.95; Supplementary Table S16).

Discussion
In this phase III trial of radiation dose escalation in locally advanced NSCLC
with or without cetuximab, we performed a hypothesis-driven subgroup
analysis to determine whether inherited KRAS-variant patients with NSCLC
benefitted from cetuximab. Although there were a relatively small number of
KRAS-variant patients in each arm due to the multiple interventions in this
trial, and we did not see an OS advantage for KRAS-variant cetuximab-treated
patients, there were some interesting findings in this analysis. First, there was
what appeared to be a time-dependent benefit of cetuximab for KRAS-variant
patients with NSCLC, who exhibited significantly improved OS from year 1 to

4 when they received cetuximab. However, KRAS-variant patients appeared to
have toxicity and do poorly with treatment intensification, including radiation
dose escalation, or cetuximab therapy, with poor survival in the first year of
treatment across groups. In addition, and in agreement with findings in other
trials combining radiation and cetuximab, non-variant patients had signifi-
cantly worse outcomeswith the addition of cetuximab, withworse local control,
indicating that cetuximab may be especially harmful to non-variant patients.

The time-dependent effects of cetuximab seen in this trial are similar to the
findings in RTOG 0522, where patients with HNSCCwere treated with 8 weeks
of cetuximab and the subgroup ofKRAS-variant patients had anOS benefit that
lasted for 2 years. In RTOG 0617, cetuximab was given for approximately twice
as long, or 16weeks, and theOS benefit, after year 1, lasted for 4 years. One could
hypothesize that the longer cetuximab treatment in 0617 extended the survival
benefit forKRAS-variant patients. It is also interesting that in 0617 patients with
squamous cell NSCLC with the KRAS-variant appeared to have significantly
worse outcomes than non-variant squamous patients, with a potential benefit
of cetuximab. This might better represent the population treated in 0522 and
may be the group with the greatest benefit from the combination of cetuximab
and radiation. Unfortunately, this subgroup in 0617 was too small for proper
analysis of cetuximab benefit in this study.

Another important finding from RTOG 0522 further validated in this study
is that KRAS-variant patients appear to be at risk of significant toxicity from
both dose-escalated radiation as well as cetuximab. In 0617, these sensitivities
may have led to their early death, explaining the poor survival in KRAS-variant
patients in year 1 in both the dose-escalation group as well as the cetuximab-
treated group. Although excessive death was not seen in KRAS-variant patients
treated in 0522, the tissues treated in 0522 differ from 0617, with the heart as the
suspected tissue at risk for the high toxicity and death and poor survival seen in
0617. The ability to truly differentiate death due to treatment versus death due
to cancer remains a true challenge in clinical trials, especially those in difficult
to control cancers where aggressive treatment is necessary to try to improve
survival. NSCLC is one such cancer, and has the additional risk associated with
treatment near to organs that are sensitive to radiation yet critical for survival.

We do not yet fully understand the mechanisms leading to radiosensitivity in
KRAS-variant patients, nor do we fully understand the cause of increased ra-
diosensitivity with the delivery of cetuximab, even after using this treatment in
combination with radiation in numerous clinical trials. One simple explanation
for radiosensitization in both KRAS-variant patients and with cetuximab may
be that disruption of normal signaling through theEGFR-KRAS axis, as is found
in patients with theKRAS-variant (12) and with cetuximab treatment, impairs a
normal radiation response (21). However, the radiosensitivity in KRAS-variant
patients could also be due to elevated TGF-B1 as reported previously (15) or
perhaps due to altered let- levels found in these patients (10, 12), as let- is
known to also known to be a critical player in the radiation response (22).
The importance of better understanding causes of radiosensitivity as well as
finding additional biomarkers of individual radiosensitivity cannot be over-
stated, as without this information, as a field we are significantly limited in
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advancing cure rates through combination therapies, if patients who may ben-
efit from combination therapies die before exhibiting the benefit. This is work
that is ongoing.

Although the results from this study are unlikely to lead to changes to improve
outcome for patients with NSCLC, there are important takeaways from this
analysis, and the findings offer some hope for the future. The miRNA-based
germline pathogenic variants of which the inherited KRAS-variant is the first
example, are a compelling class of biomarkers that may ultimately help us dra-
matically improve our approach to cancer therapy. Through their ability to
identify patients with altered response to cancer treatment, as well as altered
toxicity to cancer treatment, they could enable a future where patient treatment
selection is genetically based, and that in addition to cancer control, treatment
decisions will include the equally important endpoint of patient toxicity.
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